Specifications table {#s0005}
====================

Subject areaPsychologyMore specific subject areaCognitive neuroscienceType of dataNifTIHow data was acquired7 T magnetic resonance imagingData formatAnalyzedExperimental factorsManual segmentations of six subcortical structures in young, healthy participantsExperimental featuresThe data was registered from individual to standard MNI-space using linear and non-linear registration algorithms creating a probabilistic atlas of six subcortical structures.Data source locationLeipzig, GermanyData accessibilityThe data is located in two public repositories:<http://neurovault.org/collections/550/><https://www.nitrc.org/projects/atag/>

1. Value of the data {#s0005a}
====================

1)Current brain atlases lack detailed information about subcortical brain structures.2)Probabilistic atlas maps of six subcortical nuclei using ultra-high resolution 7 T MRI are included.3)The probabilistic atlas maps are freely available.

2. Data, experimental design, materials and methods {#s0010}
===================================================

2.1. Participants {#s0015}
-----------------

The probabilistic atlas is based on 30 participants (14 females) with a mean age of 24.2 (SD 2.4). All participants had normal or corrected-to-normal vision, and none of them had a history of neurological, major medical, or psychiatric disorders. All subjects were right-handed, as confirmed by the Edinburgh Inventory [@bib3]. The study was approved by the local ethics committee at the University of Leipzig, Germany. All subjects gave their written informed consent prior to scanning and received a monetary compensation for participating.

2.2. Scan parameters {#s0020}
--------------------

The structural data were acquired using a 7 T (T) Siemens Magnetom MRI scanner with a 24-channel head array Nova coil (NOVA Medical Inc., Wilmington MA) and consisted of three MRI sequences: a whole-brain T~1~-weighted MP2RAGE, a zoomed T~1~-weighted MP2RAGE [@bib4; @bib5], and a zoomed multi-echo 3D T~2~^⁎^-weighted FLASH [@bib6]. The whole-brain MP2RAGE had 240 sagittal slices with an acquisition time of 10:57 min (repetition time (TR)=5000 ms; echo time (TE)=2.45 ms; inversion times TI1/TI2=900/2750 ms; flip angle=5°/3°; bandwidth=250 Hz/Px; voxel size=0.7 mm^3^). The MP2RAGE slab consisted of 128 slices with an acquisition time of 9:07 min (TR=5000 ms; TE=3.71 ms; TI1/TI2=900/2750 ms; flip angle=5°/3°; bandwidth=240 Hz/Px; voxel size=0.6 mm^3^). The FLASH slab consisted of 128 slices with an acquisition time of 17:18 min (TR=41 ms and three different echo times (TE)=11.22/20.39/29.57 ms; flip angle=14°; bandwidth=160 Hz/Px; voxel size=0.5 mm^3^). The slab sequences consisted of axial slices tilted to the orientation of the AC-PC line. Quantitative susceptibility maps (QSM) were calculated using the phase information of the FLASH MRI sequence and the method proposed by Schweser et al.[@bib7]; see Ref. [@bib8] for more information about the exact scan protocols. The MP2RAGE and FLASH scans are freely available on [www.nitrc.org/projects/atag_mri_scans/](http://www.nitrc.org/projects/atag_mri_scans/){#ir0015} or [http://datadryad.org/resource/doi:10.5061/dryad.fb41s](http://datadryad.org/resource/http://dx.doi.org/10.5061/dryad.fb41s){#ir0020}

2.3. Scan sequence and region of interest {#s0025}
-----------------------------------------

The visibility of each structure varied across the three different scan contrasts. The striatum (STR) was best visible in the T~1~-weighted MP2RAGE 0.6 mm isotropic slab sequence whereas the T~2~^⁎^-weighted FLASH 0.5 mm isotropic slab sequences was used to segment the subthalamic nucleus (STN), substantia nigra (SN), and red nucleus (RN). Finally the globus pallidus externa (GPe) and interna (GPi) were segmented on the QSM 0.5 mm isotropic maps.

2.4. Segmentation protocol {#s0030}
--------------------------

Manual segmentation was carried out by two independent researchers using the FSL 4.1.4 viewer (<http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/>). Only voxels rated by both raters as belonging to a particular structure were included in the probabilistic atlas. The manual segmentation was done as follows: in an initial step, the MRI volume was loaded into the viewer separately for each participant. Second, the contrast values in the viewer for the image were set to increase the visibility of the structural boarders. The contrast values were determined on an individual subject basis, separate for each structure, and were independently set by each rater. The contrast values were kept constant between hemispheres. Third, either the coronal, sagittal, or transverse view was randomly picked to start delineating the structure. Once the delineation of the structure started, all three the views were used to segment the structure. The order in which the right or left hemisphere was segmented was randomized per participant. Finally, per structure, the inter-rater reliability (Cohen׳s kappa, Dice coefficient, and intra-class correlation coefficient (ICC)) was calculated [@bib9; @bib10; @bib11]. The mean Cohen׳s kappa ranged between 0.76 and 0.89 across structures. The mean Dice coefficient ranged between 0.72 and 0.89, and the ICC ranged between 0.72 and 0.87 across structures, indicating that all probabilistic maps have good inter-rater agreement. See [@bib2] for the Cohen׳s kappa, Dice, and ICC for each individual structure.

2.5. Registration to standard stereotactic MNI space {#s0035}
----------------------------------------------------

All linear registration steps were done using MIPAV 5.4.4. (<http://mipav.cit.nih.gov/>) using the optimized automated linear registration algorithm. The MP2RAGE scans were skull stripped using the MP2RAGE skull strip algorithm as implemented in the CBS High-Res Brain Processing Tools for MIPAV (<http://www.cbs.mpg.de/institute/software/cbs-hrt/index.html>). The FLASH scans were skull stripped using BET as implemented in FSL (<http://fsl.fmrib.ox.ac.uk/fsl/>). The whole-brain MP2RAGE was linearly registered to the MNI04 template using a correlation ratio and 12° of freedom (DOF). The MNI04 template is included the CBS toolbox and is a copy of the non-linear 6th generation MNI ICBM152 template [@bib12; @bib13], but resampled at a 0.4 mm isotropic resolution. The MP2RAGE slab was then linear registered to the MP2RAGE whole brain in MNI space using a correlation ratio and 12 DOF. The FLASH slab was registered to the MNI04 in several steps: first the FLASH slab was linear registered to the original MP2RAGE slab using a correlation ratio and 7 DOF. The FLASH slab was then transformed to the MNI04 space using the transformation matrix that was generated by the MP2RAGE slab to MP2RAGE whole brain in MNI-space registration.

The six subcortical maps were transformed to the MNI04 template using the transformation matrices that were either generated by the MP2RAGE slab to whole-brain MP2RAGE registration or by the two transformation matrices that were used for the FLASH to whole-brain MP2RAGE registration.

All registration steps were visually checked for misalignments by comparing several landmarks. The landmarks that were checked within each subject were the 4th ventricle, pons, corpus callosum, and lateral ventricles. The landmarks that were checked for each registration to MNI-space were the surface of the brain, corpus callosum, and lateral ventricles. For four participants, the MP2RAGE slab did not register correctly to the whole-brain MP2RAGE image. For these participants, the linear registration was repeated but with a smaller rotation search step (instead of using steps of 30° for the initial coarse rotation, steps of 15° were used). All other registration steps and parameters were identical. Additionally, the linear registered whole-brain individual scans and the segmented structures in MNI04 space were non-linearly optimized using ANTS (<https://github.com/stnava/ANTs>). The non-linear optimization was based on the mutual information of the whole-brain MP2RAGE and the MNI04 template using a Gaussian regularization, nearest neighbor interpolation and 40 coarse, 50 medium, and 40 fine iterations [@bib14; @bib15]. Subsequently, all individual masks in MNI04 stereotactic space were added together to create a probabilistic atlas of each structure and hemisphere separately with a 0.4 mm isotropic resolution [@bib2].

The atlas has four different versions: a linear, a non-linear, a normalized, and a non-normalized version. The linear and non-linear atlas versions were created by registering the individual maps, either linearly, or optimized non-linearly to MNI space, respectively. The non-normalized atlas has a probability range between 0.0 and 30.0. Dividing the non-normalized atlas by 30, which was the maximum number of participants that could overlap in a given voxel, created a normalized probability range between 0.0 and 1.0. Due to the use of trilinear interpolation, the probability values within the probabilistic atlases are not discrete. All four versions of the atlas can be found on <http://neurovault.org/collections/550/> or <https://www.nitrc.org/projects/atag/>. Whether the linear or non-linear atlas should be used is dependent on the registration strategy on the user end. If the user only used linear registrations to MNI standard space, the corresponding linear atlas should be used.

In addition to the individual masks, a combined version of all masks is provided which has been thresholded to only include the overlapping voxels for at least 10 participants (see [Fig. 1](#f0005){ref-type="fig"}).

[Fig. 2](#f0010){ref-type="fig"} The maximum percentage overlap across participants for each linearly registered structure in MNI space was high for the large structures (STR left: 100%, STR right: 100%, GPe left: 96.66%, GPe right: 96.66%, GPi left: 96.66%, GPi right: 96.66%, RN right: 100%, RN left: 100%). A substantial lower overlap was found for the smaller structures (SN left: 76.66%, SN right: 63.33%, STN left: 56.66, STN right: 53.33%). See [Fig. 3](#f0015){ref-type="fig"} for the histograms indicating the overlap between participants per structure and hemisphere.

2.6. Limitations {#s0040}
----------------

The atlas can be useful for most MRI studies within the cognitive neurosciences because it is based on healthy young participants [@bib16; @bib17]. However, users should be cautious applying this atlas to other age groups including elderly participants because of increased anatomical variability across the adult lifespan [@bib17; @bib18; @bib19; @bib20; @bib21; @bib22; @bib23].

3. Conclusion {#s0045}
=============

The current probabilistic atlas of the basal ganglia and red nucleus is a first step in mapping the human subcortex using structural 7 T MRI. Ongoing work is focused on manually segmenting additional structures and to incorporate middle-aged and elderly age groups.

![MRI scan sequences used for creating probabilistic atlas maps. Left: T1-weighted MP2RAGE sequence; middle: T2\*-weighted FLASH sequence; right: QSM. Reprinted from [@bib2], with permission from Elsevier.](gr1){#f0005}

![The thresholded probability atlas of the striatum, the internal and external segment of the globus pallidum, subthalamic nucleus, substantia nigra, and red nucleus in standard MNI space. The numbers correspond to the *Y* coordinate. The colors indicate the overlap across the 30 participants with a minimum overlap of 10 participants.](gr2){#f0010}

![The intensity histograms per structure and hemisphere. In black: the normalized overlap between participants per structure that were registered to MNI space using the linear registration. In red: the normalized overlap between participants per structure that were registered to MNI space using the non-linear registration.](gr3){#f0015}
